Male killing is a selfish reproductive manipulation caused by symbiotic bacteria, where male offspring of infected hosts are selectively killed. The underlying mechanisms and the process of their evolution are of great interest not only in terms of fundamental biology, but also their potential applications. The two bacterial Drosophila symbionts, Wolbachia and Spiroplasma, have independently evolved male-killing ability. This raises the question whether the underlying mechanisms share some similarities or are specific to each bacterial species. Here, we analyse pathogenic phenotypes of D. bifasciata infected with its natural male-killing Wolbachia strain and compare them with those of D. melanogaster infected with male-killing Spiroplasma. We show that male progeny infected with the Wolbachia strain die during embryogenesis with abnormal apoptosis. Interestingly, malekilling Wolbachia infection induces DNA damage and segregation defects in the dosage-compensated chromosome in male embryos, which are reminiscent of the phenotypes caused by male-killing Spiroplasma in D. melanogaster. By contrast, host neural development seems to proceed normally unlike male-killing Spiroplasma infection. Our results demonstrate that the dosage-compensated chromosome is a common target of two distinct male killers, yet Spiroplasma uniquely evolved the ability to damage neural tissue of male embryos.
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Background
Wolbachia pipientis (hereafter, simply Wolbachia) is one of the most prevalent symbiotic bacteria found in arthropods and nematodes [1] . Indeed, approximately 40 -66% of arthropod species are estimated to be infected with Wolbachia [2, 3] , indicating the successful strategies of its propagation among and across species. Wolbachia promotes the spread of its infection into host organisms as a mutualistic symbiont or a reproductive parasite. In nematodes, the elimination of Wolbachia inhibits host development, indicating its obligatory association as a mutualist [4] . Several studies in insects have demonstrated that Wolbachia provides various fitness benefits to their hosts, for example, protection against a broad range of pathogens [5] [6] [7] [8] , rescuing female germline development [9] [10] [11] and nutrient provisioning [12 -14] . Furthermore, Wolbachia manipulates host reproduction in a variety of ways. So far, four distinct reproductive manipulations, including feminization, parthenogenesis, male killing and cytoplasmic incompatibility (CI), are known to be induced by Wolbachia in a wide range of arthropods [1] .
Male killing is a phenomenon whereby male zygotes are selectively killed during development [15] . Within the genus Drosophila, the earliest description of male-killing Wolbachia infection was reported in D. bifasciata (the obscura group of the subgenus Sophophora) [16] , whose female-biased sex ratio was described as early as the 1950s [17] . Thereafter, Riparbelli et al. [18] showed that chromatin remodelling and mitosis are compromised during male embryogenesis in Wolbachia-infected D. bifasciata; however, the underlying cause of sex specificity has not been elucidated. Besides Wolbachia, Spiroplasma poulsonii (hereafter referred to as Spiroplasma) is known as another male-killing symbiotic bacterium in Drosophila [19] , which kills males by inducing abnormal apoptosis and neural defects during embryogenesis [20] [21] [22] [23] . Several lines of evidence indicate that Spiroplasma-induced male killing requires a functional dosage compensation system [24] [25] [26] . In D. melanogaster, the dosage compensation complex, composed of the male-specific lethal (MSL) proteins, binds to the single male X chromosome to hyper-activate X-linked genes by twofold to balance the expression levels between sexes (XX female and XY male) [27 -29] . More recently, we showed that Spiroplasma triggers male X chromosomespecific DNA damage and segregation defects associated with the dosage compensation complex, which activates p53-dependent abnormal apoptosis in male embryos [26] . Additionally, Spiroplasma induces neural defects at later stages of male embryogenesis [20, 22, 23] , for which the underlying mechanisms are poorly understood.
In theory, any molecular machineries involved in sex determination and differentiation could be targeted by male-killing symbionts [30] . One key question regarding symbiont-induced male killing is how phylogenetically distinct bacteria, such as Wolbachia and Spiroplasma, have evolved similar reproductive phenotypes in their host organisms. To address this question, we examined the development of D. bifasciata embryos infected with male-killing Wolbachia and compared pathogenic phenotypes with those provoked by Spiroplasma in D. melanogaster embryos. We show that male-killing Wolbachia in D. bifasciata induces DNA damage and chromatin bridges specifically on the dosage-compensated chromosome, as well as abnormal apoptosis during male embryogenesis. These results represent remarkable similarities between the male-killing strategies adopted by Spiroplasma and Wolbachia. Meanwhile, we find a clear difference between the male-killing phenotypes caused by the two symbiotic bacteria: unlike Spiroplasma, male-killing Wolbachia has less impact on neural development in male embryos, suggesting that Spiroplasma may have uniquely evolved neural toxicity. Collectively, our findings suggest that two distantly related symbionts have independently evolved both common and specific mechanisms of reproductive manipulation in Drosophila species.
Material and methods
Further details of the methods are provided in the electronic supplementary material.
(a) Fly strains
Drosophila bifasciata strains naturally uninfected/infected with male-killing Wolbachia were obtained from Prof. Yoshiaki Fuyama [16] and maintained for over 10 years in the Fukatsu Laboratory with standard cornmeal medium at 188C. To maintain the infected strain, males collected from the uninfected strain were used to mate with infected females. To collect embryos and larvae, we put female and male flies in culture vials and waited about 10 days for females to start laying eggs. After confirming egg-laying, adults were transferred to egg collection cages with grape juice agar plates and fed with yeast paste. All adults, larvae and embryos were cultured at 188C.
(b) Immunostaining
Developmental staging of embryos was according to D. melanogaster embryogenesis [31, 32] . Embryos were collected from grape juice agar plates and dechorionated in 2.8% sodium hypochlorite solution, subsequently fixed in a 1 : 1 mixture of heptane and 4% formaldehyde diluted in phosphate buffered saline (PBS) for 20 min and devitellinized by vigorously shaking in heptane/methanol. The embryos were washed in methanol and rehydrated through an ethanol series (95, 70, 50 and 35%) and then washed in PBT (PBS containing 0.1% Triton X-100). After treatment with a blocking buffer (PBT containing 2% bovine serum albumin (Fraction V; MP Biomedicals, 02160069)) for 60 min, the embryos were incubated with primary antibodies at 48C overnight, washed three times in PBT and incubated with secondary antibodies at room temperature for 90 min. Antibodies were diluted in the blocking buffer. Anti-Sexlethal and anti-histone H4K16ac antibodies were used for sexing embryos (see below). The following primary antibodies were used: mouse anti-Sex-lethal (1 : 20; Developmental Studies Hybridoma Bank (DSHB), M18), rabbit anti-histone H4K16ac (1 : 1500; Millipore (Upstate), 07 -329), mouse anti-pH2Av (1 : 1000; DSHB, UNC93-5.2.1), rat antiElav (1 : 20; DSHB, 7E8A10), mouse 22C10 (1 : 20; DSHB) and mouse anti-HSP60 clone LK2 (1 : 100; Sigma, H3524) for Wolbachia detection. Secondary antibodies (Alexa Fluor 488/555/647 conjugate) were purchased from Molecular Probes (Thermo Fisher Scientific). DNA staining was carried out with DAPI (4 0 ,6-diamidino-2-phenylindole) (1 mg ml 21 ; Sigma, D9542) for 10 min at room temperature after secondary antibody staining. TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) staining was performed by using the In Situ Cell Death Detection Kit, TMR red (Roche Applied Science), and the embryos stained with primary antibodies were incubated in 50 ml TUNEL reaction mixture with secondary antibodies at 48C overnight. Stained embryos were washed three times in PBT, mounted in FluorSave Reagent (Calbiochem) and observed under a confocal microscope (Zeiss LSM 700).
(c) Image analysis and processing
Confocal z-sections were max-projected by ImageJ software (National Institutes of Health), unless otherwise noted. TUNEL signals of whole embryos (acquired by a 20Â/0.8 objective with 0.6Â zoom scan; frame size: 512 Â 512; 1.5 mm z-intervals, 50 sections) were quantified by custom R scripts with the EBImage package [33] . In brief, maximum projection images of DAPI and TUNEL staining were binarized and the former was used to make an embryonic mask image. TUNEL signals inside a corresponding mask image were measured by image integration. This value was divided by a mask image area to normalize the embryonic size. The quantification of HSP60 puncta (images were acquired by a 63Â/1.4 oil immersion objective; frame size: 1024 Â 1024; 0.3 mm optimal z-intervals, 100 sections) was essentially the same as above. Pairwise statistical comparisons were performed using the Mann -Whitney U test by using the R software (the R Foundation). Chromatin bridges were quantified manually (images were taken by a 63Â/1.4 oil immersion objective; frame size: 1024 Â 1024; 0.3 mm optimal z-intervals, 25 sections). Two images were taken per embryo. In figure 3 , chromatin bridges were counted and categorized into three groups as described in the main text. The brightness and contrast of the images presented in the manuscript were adjusted by the level tool in the GIMP v. 2.8 software (the GNU General Public License). The adjustment was performed uniformly on the entire images and only black/white input levels were modified.
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Results (a) Male-killing Wolbachia in Drosophila bifasciata
Male-killing Wolbachia in D. bifasciata (the Wolbachia strain wBif ) was first characterized in detail by Hurst et al. [16] . After obtaining the D. bifasciata lines, we maintained them for over 10 years in the laboratory (see Material and methods). The fly line infected with the Wolbachia strain wBif showed strongly female-biased sex ratios with almost no emerging males (electronic supplementary material, figure S1a). As expected, elimination of bacteria by tetracycline treatment restored male viability (electronic supplementary material, figure S1 ). The amplification and direct sequencing of 1301 bp fragments of bacterial 16S rRNA genes produced a clean sequence homologous to the 16S rRNA gene of Wolbachia, indicating that the fly line is predominantly infected with a single Wolbachia strain. The amplified 16S rRNA fragment contained A group Wolbachia-specific primer sequences (16SAf/16SAr) [34] , revealing that the Wolbachia strain belongs to the A subgroup, which is consistent with the previous report [16] .
(b) Male-specific death of Wolbachia-infected Drosophila bifasciata embryos
Wolbachia wBif in our D. bifasciata line killed almost all male progeny; however, rare adult males escaped from male killing at a rate of 0.2% (2/969) (electronic supplementary material, figure S1a). The emergence of males could be due to the imperfect vertical transmission of symbiotic bacteria [35] . Conventionally, symbiont-induced phenotypes of male killing have been classified into two types according to the timing of killing: early male killing occurs during embryogenesis and late male killing during larval/pupal stages [36] . To examine the stage of male killing by wBif in D. bifasciata, we collected first instar larvae and determined their sex by polymerase chain reaction (PCR) with Y-chromosome-specific primers [37] . No males were detected among 48 first instar larvae collected from infected females (electronic supplementary material, figure S2), indicating that males are primarily killed during embryogenesis.
(c) Abnormal apoptosis during male embryogenesis
To better understand the process of Wolbachia-induced male killing in D. bifasciata, we compared embryonic development between females and males (figure 1). For sexing embryos, we performed staining with an anti-Sex-lethal (Sxl) antibody directed towards the D. melanogaster Sxl protein, which is expressed only in females and works as a master feminizing switch in D. melanogaster [38] . As shown in a previous study [18] , nearly half of observed D. bifasciata embryos showed uniform Sxl staining regardless of Wolbachia infection (in uninfected: 54/106 and in infected: 103/219; from stages 8 to 15 onwards; see sample sizes in figure 1m ), supporting the notion that the antibody selectively stains females both in uninfected and infected D. bifasciata embryos (figure 1n). Overall, developmental processes of infected embryos seemed to progress normally even in males, as they completed germ band elongation/retraction (stages 11-13; figure 1i-k) and subsequent developmental steps of head involution and dorsal closure (from stage 14 onwards; figure 1l ). However, when we monitored apoptosis by TUNEL staining, differences between sexes became apparent. Apoptosis in D. bifasciata embryos was first detected in the cephalic region around stage 10 (figure 1b,h), as previously described in D. melanogaster [39] . In some infected male embryos, elevated apoptosis was detected as early as stage 11 and became more widespread around stages 12 -14 (figure 1j,k). At these developmental stages, apoptosis was also prominent in infected female embryos (figure 1d,e). However, the level of apoptosis in infected female embryos was lower than that in infected male embryos and equivalent to that in uninfected embryos (figure 1m). Thus, we conclude that apoptosis observed in infected female embryos is developmentally regulated and abnormal apoptosis is selectively induced in infected male embryos.
(d) Detection of the dosage-compensated chromosome in Drosophila bifasciata embryos
Abnormal apoptosis during embryogenesis is one of the pathogenic phenotypes caused by male-killing Spiroplasma in Drosophila [21, 23] . It has been reported that Spiroplasmaassociated male killing requires the functional dosage compensation machinery in males [24] [25] [26] . Furthermore, we recently showed that Spiroplasma targets the dosagecompensated male X chromosome to induce DNA damage [26] . Hence, we explored the possibility that the dosage compensation system in the male X chromosome is also involved in the Wolbachia-induced male killing. Within the genus Drosophila, the dosage compensation machinery is highly conserved [40] and mediated by MSL proteins that are selectively recruited to the single male X chromosome [27] [28] [29] .
One of the major outputs of the MSL recruitment to the male X chromosome is the hyper-acetylation of histone H4 at lysine 16 (H4K16ac) [27 -29] . Anti-H4K16ac antibody staining successfully visualized nuclear signals in D. bifasciata embryos ( figure 2a-d) . When we compared the nuclear distribution patterns of H4K16ac signals in female and male embryos (segregated by Sxl antibody staining; see above), weak staining was detected throughout the nucleus both in female and male embryos (figure 2b,d), while strong subnuclear staining was invariably observed only in male embryos (figure 2d). We assumed that the intense subnuclear H4K16ac staining indicates the hyper-acetylation of the dosage-compensated male X chromosome, while the weak nuclear-wide staining represents general acetylation throughout the nucleus as shown in D. melanogaster [41] .
(e) DNA damage accumulation on the dosagecompensated chromosome of infected male embryos
H4K16ac immunostaining revealed that the localization of this histone modification was indistinguishable between uninfected and infected male embryos (figure 2e,f) even at later stages of embryogenesis (electronic supplementary material, figure S3a-f). This indicates that the Wolbachia infection hardly affects the dosage compensation machinery itself, at least at the microscopically discernible level. To monitor the presence of DNA damage, we then stained embryos with an antibody against the phosphorylated form of histone H2Av (pH2Av). Histone H2Av, a Drosophila homologue of mammalian H2AX, is a minor variant of the core histone H2A and is phosphorylated after the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172167 induction of DNA damage [42, 43] . In infected male embryos, strong spot-like pH2Av signals were numerously observed inside the nucleus (figure 2f), whereas few discrete pH2Av foci were detected in uninfected male (figure 2e) and female embryos (electronic supplementary material, figure S3g,h). Interestingly, pH2Av spots in Wolbachia-infected male embryos largely overlapped with the H4K16ac-labelled chromosome (figure 2f), indicating the occurrence of Wolbachia-induced X chromosome-specific DNA damage, as described in Spiroplasma-infected D. melanogaster male embryos [26] .
(f ) Segregation defects of the dosage-compensated chromosome during mitosis
Although the underlying mechanism of sex selectivity is unknown, a previous study showed that D. bifasciata male embryos infected with Wolbachia wBif exhibited defects in chromatin remodelling and chromosome segregation during mitosis [18] . We hypothesized that the damage on the dosage-compensated chromosome in male embryos is responsible for these abnormal phenotypes. When we rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172167 examined dividing cells in stage 11 embryos, infected male embryos exhibited a much higher frequency of chromatin bridges than infected female embryos and uninfected embryos (figure 3a), which was in agreement with the previous study [18] . Next, we analysed the patterns of H4K16ac staining in the chromatin bridges and examined whether H4K16ac signals are associated with them or not (figure 3b). Remarkably, 61.5% (118/192) of the chromatin bridges consisted solely of the H4K16ac-labelled chromosome (H4K16ac þ; figure 3b,d,e) , while 30.7% (59/192) contained both H4K16ac-labelled and non-labelled chromosomes (H4K16ac þ/2; figure 3b,f,g ). In the latter group, some mitotic nuclei were connected with multiple bridges with or without H4K16ac staining (yellow and light blue arrows in figure 3g) . The remaining 7.8% (15/192) of the chromatin bridges contained no H4K16ac signal (H4K16ac 2; figure 3b,h) . We also noted that these chromatin bridges were frequently accompanied by abnormally tangled DNA (73/192; yellow arrows in figure 3d,f,g) and were unevenly distributed into the two daughter cells (40/192 ; yellow arrowheads in figure 3d,f,g ), suggesting that they are improperly condensed and broken during the progress of cell division. Taken together, these data indicate that male-killing Wolbachia induces DNA damage and segregation defects specifically on the dosage-compensated male chromosome, which is likely to trigger abnormal apoptosis during embryogenesis in D. bifasciata, as reported for male-killing Spiroplasma in D. melanogaster [26] .
(g) Neural development in male-killing Wolbachiainfected embryos
In addition to abnormal apoptosis, neural development is severely compromised in Spiroplasma-infected male embryos: neural cells in the ventral nerve cord are less tightly condensed, and peripheral nervous cells and their axons rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172167 develop abnormally [20, 22, 23] . To assess whether Wolbachia wBif affects neural development in D. bifasciata embryos, we visualized the morphology of differentiated neural cells by using an anti-Elav antibody, which is raised against the D. melanogaster Elav protein [44] . Akin to D. melanogaster embryogenesis, the ventral nerve cord of D. bifasciata embryos displayed a highly condensed structure at stage 15 (electronic supplementary material, figure S4 ). In sharp contrast to the situation observed in Spiroplasma-infected D. melanogaster embryos, the condensation of the ventral nerve cord at this stage seemed to proceed normally in Wolbachia-infected male embryos of D. bifasciata ( figure 4) . Additionally, the staining of axons with the 22C10 antibody [45] revealed that sensory organs in the peripheral nervous system projected their axonal extension properly both in Wolbachia-infected female and male embryos (figure 4: see also electronic supplementary material, figure S4 ). During our observation of neural morphology of infected embryos (female, n ¼ 24; male, n ¼ 22), one male embryo exhibited an irregular arrangement of the ventral nerve cord, indicating that both the presence of Wolbachia and abnormal apoptosis have a minor impact on neural development.
(h) The localization and density of male-killing Wolbachia in Drosophila bifasciata embryos
Finally, we tried to determine whether the sex-and tissue-specific pathology is related to the bacterial titre or localization in D. bifasciata embryos. To visualize Wolbachia wBif, we used an antibody directed against the recombinant human heat shock protein 60 (HSP60), which cross-reacts with the Wolbachia homologous protein [4, 46] . We stained embryos with the anti-Elav and anti-HSP60 antibodies and obtained confocal stack images extending from the ventral epidermis to the ventral nerve cord, whereby the tissue localization and distribution of Wolbachia were reconstructed and analysed. Numerous HSP60 puncta were observed in infected embryos ( figure 5c,d ), whereas only a small number of HSP60 signals, probably derived from non-specific antibody binding, were detected on the surface of uninfected embryos ( figure 5a,b) . Intriguingly, we noted that the majority of HSP60 signals were located within the epithelial layer rather than in the differentiated ventral nervous tissue ( figure 5c,d ) . During the asymmetric cell division of neural progenitor cells (neuroblasts) in rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172167 D. melanogaster and its sister species D. simulans, Wolbachia are kept in neuroblasts themselves and not segregated into differentiated neural cells [47] . We suspect that the same cellular mechanism underlies the exclusion of male-killing Wolbachia from differentiated neural cells in D. bifasciata embryos.
We next counted the number of HSP60 puncta to quantify the Wolbachia titre and found that there was no significant difference in infection density between female and male embryos (figure 5e). Notably, we unexpectedly identified one gynandromorphic embryo that contained both female and male cells (among 24 embryos observed), and again, Wolbachia density exhibited no difference between female and male cells (figure 5f ). In summary, these results imply that the male-killing phenotype is not associated with a higher titre of Wolbachia in males, but rather suggest that Wolbachia produces some unknown factor(s) to selectively affect male cells.
Discussion
This paper presents a series of detailed analyses on the cell biology of male-specific death caused by the Wolbachia strain wBif in D. bifasciata embryos. Our study shows that (i) Wolbachia-induced male killing is associated with abnormal apoptosis during embryogenesis, (ii) DNA damage accumulates on the dosage-compensated male chromosome, (iii) the segregation of the dosage-compensated chromosome is selectively disorganized in infected male embryos and (iv) male neural development is not significantly prevented by the infection.
Collectively, our results disclose striking similarities between the phenotypes of male killing induced by Wolbachia and Spiroplasma [21, 23, 26] . These data provide the evidence that both symbiotic bacteria commonly target the male X chromosome labelled with the dosage compensation complex. Considering that Wolbachia and Spiroplasma belong to different bacterial groups, a-Proteobacteria and Mollicutes, respectively, it is likely that the male-killing mechanisms have arisen through convergent evolution. Nevertheless, we cannot exclude the possibility that genes responsible for male killing have been shared via horizontal transfer between the phylogenetically unrelated bacteria, although the genomic analysis of male-killing Spiroplasma has not identified any functional mobile genetic units [48] .
Interestingly, another male-killing Wolbachia strain also targets the host dosage compensation system, but in a different way. In Ostrinia moths, the male-killing Wolbachia strain prevents dosage compensation by downregulating the Masculinizer gene, which is required for both masculinization and dosage compensation in males [49, 50] . The sex determination and dosage compensation mechanisms in Ostrinia moths (Lepidoptera) are different from those of Drosophila (Diptera) [51] : the former is female-heterogametic (ZW female and ZZ male) and genes on the male Z chromosome are repressed (in somatic tissues) [52, 53] , whereas the latter is male-heterogametic (XX female and XY male) and genes rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172167 on the male X chromosome are hyper-activated [27] [28] [29] , meaning that the gene expression is regulated in an opposite manner. It is a challenging issue to understand how different Wolbachia strains have evolved male-killing ability to interfere with distinct dosage compensation systems. Future studies should focus on the identification and characterization of bacterial proteins/effectors responsible for male-killing phenotypes, to determine whether all the manipulation strategies converge to a unique target or diverge to different ones. Meanwhile, we found that abnormal apoptosis in Wolbachiainfected male embryos is relatively moderate compared with that in Spiroplasma-infected male embryos (refer to fig. 1 in [23] ). This is obvious at late embryonic stages, at which a substantial amount of cells are still alive in Wolbachia-infected male embryos (e.g. stage 15 onwards; figure 1l ), while tissue morphology collapses in Spiroplasma-infected male embryos due to massive cell death ( fig. 1j in [23] ). This may reflect the differences in bacterial dynamics in host insects (e.g. transmission efficiency from mothers, growth speed in embryos etc.), or the distinct mechanisms of male killing in the two bacterial symbionts. Alternatively, abnormal apoptosis could be one of the consequences of chromatin remodelling defects [18] and/or the accumulation of DNA damage (this study), which may have deleterious developmental effects independently of apoptosis.
The main difference between the male-killing phenotypes induced by Wolbachia and Spiroplasma was observed in neural development. Although Spiroplasma infection impairs host's neural tissues, Wolbachia infection has less impact on them. The underlying mechanism of Spiroplasma-induced neural defects has been poorly understood, but it is suggested to be independent of massive apoptosis in infected male embryos [22, 23, 26] . Our present study supports the idea that Spiroplasma has developed a unique machinery to target male neural development, separately from the mechanism of abnormal apoptosis induction. Analysis of Wolbachia localization inside embryos suggests a correlation between the presence of bacteria and pathological phenotypes. For instance, high Wolbachia density is observed in epithelia where abnormal apoptosis is observed. By contrast, low bacterial density in the nervous system is consistent with the absence of pathogenic symptoms. However, the absence of Wolbachia in neural tissues may not necessarily explain the absence of neural phenotypes based on the fact that Spiroplasma disrupts host neural tissues despite not residing there [22] . rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172167
Besides wBif, male-killing Wolbachia strains have been discovered in two other Drosophila species, D. innubila and D. borealis [54, 55] . Curiously, transfer of male-killing Wolbachia from D. innubila into D. melanogaster or its sister species D. simulans does not show any reproductive phenotypes, in spite of their stable and abundant colonization within their new hosts [56] . These results point out that the host genetic background is a crucial factor for the expression of male killing, even though the dosage compensation machinery seems to be highly conserved across Drosophila species. As demonstrated in a population genetics study, MSL proteins are under strong positive selection and evolve rapidly in Drosophila species, suggesting the existence of an 'arms race' between MSL proteins and putative bacterial factors which could directly target them [57] . Further research extending our analysis in other symbiont -host combinations or searching for putative bacterial virulence factors are indispensable for the better understanding of the diversity and commonality of reproductive manipulation mechanisms.
Conclusion
Here, we show that male-killing Wolbachia in Drosophila induces abnormal apoptosis, DNA damage and improper segregation on the dosage-compensated chromosome during male embryogenesis. These phenotypes are strikingly similar to those induced by Spiroplasma, another male-killing symbiont of Drosophila. By contrast, unlike Spiroplasma, host neural development is not significantly affected by Wolbachia. Our study demonstrates that two distantly related symbionts have evolved related but not identical mechanisms of male killing.
Data accessibility. The datasets supporting this article have been uploaded as the electronic supplementary material. Nucleotide sequence data have been deposited in GenBank with an accession number MF509296.
